The effect of temperature on the two types of multilamellar structures, LI and LII, formed by the complexes of DNA with a cationic lipid, cholesteryl 3 -N-(dimethylamionethyl) carbamate (DC-Chol), in the bulk state has been investigated by small angle X-ray scattering (SAXS). LI phase composing of A-DNA intercalated between the lipid bilayers with tilted tails was formed at lower lipid-to-base pair molar ratio (x < 2), while LII phase consisting of B-DNA bound to untilted lipid was formed at x > 2. In addition to the differences in lipid packing state and DNA conformation, these two lamellar phases also displayed different thermal stability. LI phase was highly thermally stable as its interlamellar distance remained essentially unperturbed even after the denaturation of A-DNA in the complex at elevated temperature. By contrast, the interlamellar distance of LII phase decreased with increasing temperature due to the release of bound water and B-DNA denaturation.
INTRODUCTION
Self-assembly of DNA/cationic lipid (CL) complexes in aqueous media has drawn significant attention largely because of their applications as nonviral vectors in gene therapy [1] [2] [3] [4] [5] [6] . Recently, interests have also been directed toward the understandings of this type of complexes in the bulk state due to their potential applications as self-assembled functional materials [7] [8] [9] [10] [11] [12] . For instance, an water-insoluble and aligned DNA/CL film has been prepared as a molecular material which may exhibit one-dimensional electron transfer and conduction along the DNA strands [7, 8] . Unlike the extensively studied bulk complexes of synthetic polyelectrolytes with oppositely charged surfactants, understanding on the structures and physicochemical properties of DNA/CL complexes in the bulk state is still limited, especially on how the structure evolves from the aqueous media to the bulk state and the stability of the structure with respect to the perturbations such as heat and external fields.
Typically, the addition of DNA into the CL aqueous dispersion induces the aggregation of the vesicles or micelles of the CL to form compact particles with ordered internal structure [3] [4] [5] [6] [13] [14] [15] . The ordered structures observed thus far include a multilamellar phase (L C ) consisting of alternating lipid bilayer and DNA monolayer [3, 4] and an inverted hexagonal phase (H II C ) in which the DNA chains contained within lipid tubes arrange in a hexagonal lattice [5] . Since these *Address correspondence to this author at the Material and Chemical Research Laboratories, Industrial Technology Research Institute, Chutung, Hsin-Chu, 310, Taiwan; Tel: +886-3-5918245; Fax: +886-3-5820215; E-mail: ChingMaoWu@itri.org.tw structures were formed in the presence of excess water, the DNA phosphate groups were sufficiently hydrated such that the DNA chains in the complex adopted the common B conformation (i.e., B-DNA) [4a,b] . In the bulk state where most water has been removed and only some water molecules are bound to phosphate groups of DNA and head groups of lipid due to ionic characteristics of DNA and CL, the secondary structure of DNA in the complex may deviate from the B conformation. Okahata et al. [7] used circular dichroism (CD) to examine the DNA conformation in the complexes with N, N, N-trimethyl-N-(3,6,9,12-tetraoxadocosyl) ammonium bromide in the dry film and aqueous media. Their results revealed a B-A conformational transition from wet to dry state [7] . Recently we have studied the structure of the complexes of DNA with a CL, cholesteryl 3 -N-(dimethylamionethyl) carbamate (DC-Chol), in the hydrate and bulk state using small angle X-ray scattering (SAXS) [15, 16] . The complexes in the hydrate state were found to exhibit a multilamellar structure in which the DNA confined in the hydrophilic layers adopted B conformation. Both the interlamellar distance ( 6.28 nm) and the in-plane interhelical distance of DNA (d DNA 2.5 nm) were independent of the lipid-to-base pair molar ratio (x) [15] . When most water was removed, the complexes with x lying above the isoelectric composition (x > 2) displayed a multilamellar structure (denoted by L II phase) identical to that formed in the hydrate state in terms of the interlamellar distance and DNA conformation. By contrast, the complex with x < 2 showed another multilamellar structure (denoted by L I phase) consisting of A-form DNA intercalated between the lipid bilayers with tilted tails [4c, 16] .
In the present study, we proceed further to reveal the effect of temperature on the multilamellar structures of DNA/DC-Chol complexes in the bulk state. It will be shown that in addition to the differences in lipid packing state (tilted vs. untilted tails) and DNA conformation (A vs. B form), L I and L II phase also exhibit different thermal stability as the interlamellar distance of L II phase decreases with increasing temperature due to the release of bound water and DNA denaturation, whereas L I phase remains essentially unperturbed upon heating despite of DNA denaturation.
EXPERIMENTAL SECTION

Materials and Sample Preparation
DNA type XIV from herring testes with the average molecular weight of ca. 700 base pairs (bp) and the CL, DC-Chol, were acquired from Sigma. DNA/DC-Chol complexes in the bulk state were prepared by mixing prescribed amounts of DNA aqueous solution (10 mg/mL) with the DC-Chol aqueous suspension. The complexes formed spontaneously as manifested by precipitation. The solution containing the precipitate was then allowed to dry slowly at room temperature under ambient atmosphere. The overall complex composition is denoted by x, which expresses the lipidto-bp molar ratio; x = 2.0 corresponds to the stoichiometric (or isoelectric) composition for charge neutralization. Here we center on the complexes with x = 0.75 and 3.0 displaying L I and L II phase, respectively.
SAXS Measurements
The structures of DNA/DC-Chol complexes were probed with a Bruker NanoSTAR SAXS instrument, which consisted of a Kristalloflex K760 1.5 kW X-ray generator (operated at 40 kV and 35mA) and crosscoupled Göbel mirrors for Cu K radiation ( = 1.54 Å) resulting in a beam of about 0.05 mm 2 in cross section at the sample position. The scattering intensity was detected by a Siemens multiwire type area detector with 1024 1024 resolution mode. All the SAXS data had been corrected for empty beam scattering background and the sensitivity of each pixel of the area detector. The area scattering pattern was circularly averaged to increase the photon counting efficiency compared with the one-dimensional linear detector. The resulting intensity profile was output as a plot of the scattering intensity (I) versus the scattering vector, q = (4 / )sin( /2) ( = scattering angle). For the temperature-dependent measurements, the sample was first thermally equilibrated at the desired temperature for 10 minutes followed by data acquisition for 60 minutes. All the intensity profiles reported here had also been corrected for the thermal diffuse scattering (TDS). TDS was considered as a positive deviation from Porod's law and might be associated with thermal motion, local disorder, or onset of wideangle scattering region. The intensity level of TDS was assumed to be a constant, and its magnitude was determined from the slope of Iq 4 versus q 4 plot in the high-q region. The good thermal stability of the membrane is prescribed by the rigid cholesteryl tail of the DC-Chol molecule. We expect the hydrophobic layers in the complex to retain such a good thermal stability. Consequently, it is reasonable to consider the reduction of the interlamellar distance of L II -forming complex to stem from the thinning of the hydrophilic layers due to the loss of bound water coupled with DNA denaturation upon heating. identify an extra gap of ca. 0.5 nm situating between DNA chains and these spaces should be filled with water molecules. When the system is heated, these water molecules gradually escape from the complex to gain entropy and above a certain temperature this process is accompanied with DNA denaturation. To maintain a uniform mass density in the hydrophilic layers, the voids originally occupied by the water will have to be re-filled by the denatured DNA chains and this causes the reduction of d w . Conversely, for the L I phase containing A-DNA bound with tilted DC-Chol lipids, the A-DNA chains form closest packing in the hydrophilic layers because the d DNA of 2.5 nm is close to the diameter of A-DNA (2.3 ~2.55 nm). In this case, there is almost no water gap between the DNA chains (Figure 4b) . Thus, even though the DNA chains denature upon heating, the denatured DNA chains are still pinned to their original positions. As a result, a single multilamellar structure with a fixed d is observed throughout the heating process.
RESULTS AND DISCUSSION
CONCLUSIONS
In conclusion, we have revealed the temperature effect on the multilamellar structures formed by DNA/DC-Chol complexes in the bulk. The L I -forming complex exhibits a highly thermally stable multilamellar structure in the sense that the interlamellar distance remains unperturbed even after the denaturation of A-DNA in the complex. By contrast, the interlamellar distance of L II phase decreases with increasing temperature due to the release of bound water and DNA denaturation. Our results disclose a bioassembly with highly thermally stable structure even after the disruption of the secondary structure of the constituting DNA molecules.
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[17]
The denaturation temperature of DNA in the complexes was measured by using a TA Instrument 2000 differential scanning calorimeter (DSC) equipped with the RCS cooling system. The samples were heated from -10 to 200 o C at a rate of 5 o C/min. The denaturation was found to give rise to an endothermic peak. The peak temperature was taken as the denaturation temperature (Td) of DNA. 
